Introduction
Electrolysis of water is an important component of hydrogen manufacturing technologies that can tackle the intense challenge of depletion of fossil fuels and increased environmental concerns.
1-3 The hydrogen evolution reaction (HER) is the essential reaction in water electrolysis, and requires an effective electrocatalyst to decrease the reaction energy barrier and increase the energy conversion efficiency.
4 Many research studies have already shown that Pt and its alloys are the best electrocatalysts due to their fast and stable reaction kinetics, but their high cost and scarcity limit their widespread application. 5 Great efforts have been devoted to the design and synthesis of alternative HER electrocatalysts based on cheap and earth-abundant metal elements, such as non-precious metal oxides (e.g. NiO and Mo-W 18 O 49 ), carbides (e.g. WC and Mo 2 C), phosphides (e.g. CoP, MoP and FeP), suldes (e.g. Ni 3 S 2 and MoS 2 ), etc.
6 Among all of these alternatives, transitionmetal Mo-based materials are some of the most efficient HER electrocatalysts to date. In the family of Mo-based materials, molybdenum carbides, nitrides, suldes and oxides are reported to be efficient and stable HER catalysts.
7 To achieve good HER activity of Mo-based catalysts, two types of strategies are oen proposed: (1) improving the density of Mo active sites (D cas ), and (2) increasing the effective surface area (S eff ). For instance, our group prepared a MoCN nanocatalyst by using an in situ CO 2 emission strategy and the abundant amino groupbased polydiaminopyridine precursors, which substantially improved the D cas of Mo. 8 Chen et al. fabricated a NiMoN x /C electrocatalyst by nitridation of NiMo bimetals with ammonia gas, demonstrating that the imprinting of NiMo nanopowders on high-surface-area carbon nanoparticles could largely improve the S eff .
9
Apart from the two strategies mentioned above, regulating the electronic structure (E s ) of Mo atoms is another important strategy to improve the HER activity of Mo-based catalysts. Introduction of guest non-metal or metal atoms can meet this demand. It potentially achieves a suitable metal-hydrogen bond strength between the Mo active site and hydrogen intermediates, resulting in the increased HER activity of Mo-based catalysts. 10 However, introduction of guest metal elements in the vicinity of Mo sites is difficult to realize to achieve the atomiclevel hybridization of Mo and other metals. 7c This is due to the fact that the starting precursors in the reported strategies are always based on the hybridization of Mo-based salt with other metal salts in the micro-sized state. Pyrolyzing such precursors can't produce a good dispersion of guest metal atoms in the Mobased catalysts, resulting in the failure of the electronic structure of Mo active sites. Doping non-metal elements seems to be more controllable to modulate the electronic structure of Mo sites compared to those of metal atoms.
7b However, non-metal atoms could potentially be removed from Mo sites under environmental conditions. For example, neither MoC nor MoN is stable enough in oxygen-containing environments or alkaline medium, and molybdenum oxides will cover the material surface.
9,10 Therefore, most of the materials still possess high HER overpotentials, thus impeding further improvement of their electrocatalytic activity.
In and polymolybdates as the precursor, Fe and Mo could not be in the atom-scale blended state and the self-reduction reaction was difficult to realize during the thermal treatment of FeCl 3 and polymolybdates.
The morphologies of the as-prepared Mo-based materials were checked by performing eld-emission scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Fig. 2a and b show the SEM images of the ferrimolybdate precursor and Fe 1.89 Mo 4.11 O 7 /MoO 2 sample, indicating that they are basically massive structures. The SEM image in the inset of Fig. 2a demonstrates that the surface of the as-prepared ferrimolybdate precursor is roughly smooth, which is attributed to its single crystal properties. The SEM image of Fe 1.89 Mo 4.11 O 7 /MoO 2 shows that the surface of the Mo-based oxide is changed to a coarse and loose structure. Energydispersive X-ray (EDX) elemental mapping images based on an individual crystal particle conrm the coexistence and uniform distribution of Fe and Mo elements within the Fe 1.89 Mo 4.11 O 7 / MoO 2 sample (Fig. S2 †) . From the high resolution TEM (HRTEM) image ( Fig. 2c and S4 †) , the lattice spacing is about 0.481 nm, matching well with the (100) planes of the rhombohedral hexagonal phase of MoO 2 . Moreover, the estimated lattice spacing of 0.257 nm can be indexed to the (121) planes of Fe 1.89 Mo 4.11 O 7 . Importantly, the well-dened diffraction rings in the selected-area electron diffraction (SAED) pattern (Fig. 2d) conrm the polycrystalline nature of MoO 2 and Fe 1.89 Mo 4.11 O 7 . These rings can be well indexed to the (310) and (200) material was successfully prepared using our synthesis protocol.
The crystalline structure of the as-synthesized products was checked by analyzing their powder X-ray diffraction (XRD) patterns. As shown in Fig. 3a (Fig. 3b and c) . It is notable that the peak shape change for O 1s is due to the introduction of Fe element. Owing to pyrolyzing the organicinorganic compound of ferrimolybdate in an Ar atmosphere, a C 1s peak centred at 284.3 eV can be detected. In the Fe 1.89 Mo 4.11 O 7 /MoO 2 material, a small amount of carbon (5.3%) acted as a catalyst support owing to its good electrical conductivity (no molybdenum carbide is detected in the XRD pattern). To determine the composition of Fe 1.89 Mo 4.11 O 7 /MoO 2 , the peaks of Mo 3d were compared with those of MoO 2 and MoO 2 /Fe. Compared to original Mo-based oxides, the introduction of Fe atoms can induce changes in electronegativity and modify the electronic structure of Mo. As shown in Fig. 3d , not only are the peak shapes very distinctive for Fe 1.89 Mo 4.11 O 7 /MoO 2 , but the position of some peaks is also shied. The right peak in Mo 3d is shied negatively by about 1.1 eV in comparison with those of MoO 2 and MoO 2 /Fe samples. This indicates that the chemical environment of Mo is changed because of atom-scale blended Fe-Mo, and the electron density of Mo sites is enriched. This is proposed to be benecial for the optimization of Mo-H bond strength in the HER process.
The electrocatalytic HER activity of the as-prepared Mobased materials was evaluated in both alkaline and acidic aqueous solutions (pH 0.3 and pH 13.6). The HER activity of the Fe 1.89 Mo 4.11 O 7 /MoO 2 catalyst was rstly optimized by pyrolyzing the precursors at different temperatures. As shown in Fig. S7 (Fig. S12 †) . In acidic electrolyte, it can be seen that the Fe 1.89 Mo 4.11 O 7 /MoO 2 catalyst requires an overpotential of 125 mV to drive a current density of 10 mA cm À2 (Fig. 4c) . The (Table S2 †) . Similarly, the Tafel plots depicted in Fig. S12 † also show a small Tafel slope of 47 mV dec À1 for the Fe 1.89 Mo 4.11 O 7 /MoO 2 catalyst in 0.5 M H 2 SO 4 , along with an exchange current density of $0.072 mA cm À2 (Fig. S14 †) .
To assess the durability of the Fe 1.89 Mo 4.11 O 7 /MoO 2 electrocatalyst, linear potential sweeps were conducted at a scan rate of 20 mV s À1 in acidic and alkaline media. As shown in Fig. 4d and S15, † the polarization curve displays no shi during the rst 50 sweeps at 10 mA cm À2 in both alkaline and acidic aqueous solutions. Aer continuous scanning for 1000 cycles, the polarization curves show only a little shi at a current density of 10 mA cm À2 , indicating that Fe , and (d) the changes at the current density of 10 mA cm À2 during continuous potential sweeps. (Fig. 6) , indicating that the introduction of Fe in the vicinity of Mo sites indeed regulates the electronic structure of molybdenum active sites, resulting in a highly efficient Mobased catalyst. As is well established, Pt is considered as one of the most excellent electrocatalysts for fast reaction kinetics. As shown in Fig. 6 will substantially improve the HER activity from the viewpoint of active site enrichment. This work has profound experimental and theoretical signicance in the eld of polyoxometals and their applications, and it will inspire rational creation of new binary Mo-related oxides for advanced electrocatalytic hydrogen production.
Conflicts of interest
The authors declare no conicts of interest. 
